A new type of cold/ultracold neutron detector that can realize a spatial resolution of less than 100 nm was developed using nuclear emulsion. The detector consists of a fine-grained nuclear emulsion coating and a 50-nm thick 10 B4C layer for the neutron conversion. The detector was exposed to cold and ultracold neutrons (UCNs) at the J-PARC. Detection efficiencies were measured as (0.16±0.02)% and (12±2)% for cold and ultracold neutrons consistently with the 10 B content in the converter. Positions of individual neutrons can be determined by observing secondary particle tracks recorded in the nuclear emulsion. The spatial resolution of incident neutrons were found to be in the range of 11-99 nm in the angle region of tanθ ≤ 1.9, where θ is the angle between a recorded track and the normal direction of the converter layer. The achieved spatial resolution corresponds to the improvement of one or two orders of magnitude compared with conventional techniques and it is comparable with the wavelength of UCNs.
I. INTRODUCTION
Nuclear emulsion is a type of a photographic film used as a tracking device in particle physics, which features high spatial resolution. For a directional dark matter search, fine-grained nuclear emulsions were produced with silver halide crystals of 35-nm diameter [1, 2] . We succeeded in developing a neutron detector which realizes a spatial resolution of less than 100 nm by using an emulsion and a thin layer which includes 10 B, as a neutron converter. The improved resolution, which is better than that of conventional detectors (1-2 µm) [3] by one or two orders of magnitude, allows for numerous possibilities and new applications. For example, this detector is suitable for measurements of position distributions of quantized states under the influence of the earth's gravitational field [4] [5] [6] , or in search of unknown short range forces. The high spatial resolution is also quite useful in the search for electric charges associated with neutrons [7] . This detector facilitates the measurement of matter waves of neutrons because their wavelength with regard to ultracold neutrons (UCNs) is ∼60 nm.
II. HIGH SPATIAL RESOLUTION NUCLEAR EMULSION DETECTOR
The detector consists of a thin converter layer formed on a 0.4-mm-thick silicon substrate, which is coated with 10-µm-thick fine-grained nuclear emulsion. The converter consists of 10 B 4 C (50 nm), NiC (60 nm), and C
FIG. 1.
A schematic view of the detector. When a neutron is absorbed in the 10 B4C layer, two ions, an α-particle and a 7 Li nucleus, are emitted. One of them is detected as a track which is several microns long in the emulsion layer.
(30 nm) layers (Fig. 1) . The converter was fabricated using an ion beam sputter machine at KURRI [8] and the thicknesses of the layers were estimated based on the deposition rate.
10 B 4 C converts neutrons into two ions whereas the NiC layer stabilizes the 10 B 4 C layer. The C layer is used for chemical protection and smooth adhesion for the emulsion. In order to determine the amount of 10 B in the 10 B 4 C layer, neutron transmissions of two Si-10 B 4 C-NiC-C plates, which were fabricated together with the detector's, were measured with cold neutrons at BL05 of J-PARC MLF [9, 10] . From the average of them, the amount of 10 B evaluated at (1.6±0.5)×10 17 nuclei/cm 2 , which corresponds to absorption rates of (0.14±0.04)% for 1000 m/s neutrons, and (13±3)% for 10 m/s.
The fine-grained nuclear emulsion consists of AgBr·I crystals with a diameter of 35 nm and gelatin. When a charged particle penetrates the crystals, latent images are formed in them. The development (photographic processing) of these latent images as photographic films using chemical solutions, results in the generation of silver grains with a diameter of ∼100 nm. During the development, the thickness of the emulsion layer shrinks to 0.6 times of the original. The induced tracks are detected using an optical microscope with an epi-illumination system. This emulsion is optimized for heavily ionizing particles due to neutron absorption, but insensitive to electron and gamma-ray backgrounds. The emulsion layer is sufficiently thick to facilitate rejection of tracks from natural radiation and recoiled protons by fast neutrons, whose ranges are longer than those of signal tracks. To detect slow neutrons, absorption by 10 B was used: Li nuclei from those reactions are detected in the nuclear emulsion. In the case of reaction (2), α-particles and 7 Li nuclei form tracks with lengths of 5.1 µm and 2.6 µm, respectively, in the fine-grained nuclear emulsion based on calculation by SRIM2008. After an absorption, an α-particle and a 7 Li nucleus are emitted in opposite directions. One of them enters the emulsion layer and is detected. By retracing the track to the converter layer, the position of the absorption point can be estimated using the distribution of grains along the track as will be discussed later.
For coating the converter layer with emulsion gel, it was melted at 40 o C and was taken by a micropipette, deposited on Si-10 B 4 C-NiC-C plates of dimensions 2 cm × 2 cm, and spread using the tip of the micropipette. Drying was done under room conditions. Subsequently, the detector was packed using two foils of 10-µm-thick aluminum overlaid, in order to avoid exposure to light.
III. DETECTION EFFICIENCY TO COLD/ULTRACOLD NEUTRONS
The detector was demonstrated using cold neutrons with a wavelength of 0.2-1.0 nm at the Low Divergence Beam Branch of the BL05 [9, 10] . The experimental setup and the wavelength distribution of the neutrons which was acquired from measurements are shown in Fig. 2 . A beam monitor detector (MNH10/4.2F, a 3 He proportional counter [11] ) was set at the upstream to normalize the beam intensities. A 3-mm-diameter pinhole in a cadmium plate was positioned downstream. The emulsion detector of 20 mm × 20 mm was set at 8.2 cm downstream of the pinhole. A 3 He detector (RS-P4-0812-223, a 25.4-mm-diameter 0.97-MPa-3 He proportional counter) was set at the downstream. The intensity and wavelength of the neutron beam was evaluated by measurement without the emulsion detector. The number of neutrons which passed through the pinhole was evaluated to be (3.2±0.2)×10
6 for an exposure time of 22 minutes, by normalizing the beam monitor counts. After the exposure to neutrons, the emulsion detector was developed (photoprocessed) at Nagoya University. Subsequently, tracks from the neutron absorption were observed under an optical microscope with an epi-illumination system, as shown in Fig. 3 . Tracks in tomographic images taken using a CMOS camera installed in the microscopy system were counted manually. Only defined sample regions were investigated to minimize the time for counting. A total of 16 sample regions of 100-µm square each in 3-mm diameter corresponding to the pinhole position were scanned for counting and evaluating the detetion efficiency. The entire 10-µm thickness of the emulsion layer was investigated. In order to reject small scratch marks on the sputtered layer with a similar appearance to the signal tracks, an appropriate angle acceptance was determined. This angle accepts only tracks which are not recognized as being parallel to the sputtered layer. This requirement reduces the efficiencies of counting α-tracks and 7 Li-tracks to 88% and 77%, respectively, and the overall efficiency to 82.5% for neutron absorptions. Tracks which do not start in the sputtered layer or with longer than expected ranges were also excluded. This reduction rate was calculated by taking into consideration the geometry and the intervals of the tomographic images. The expected detection efficiency was calculated to be (0.11±0.03)% using the amount of 10 B in the 10 B 4 C layer, which was measured using the cold neutron transmission, the absorption cross section considering the 1/v law, the wavelength distribution in Fig. 2 , and the acceptance angle. A total of 118 absorption events were detected in the 16 regions, where the number of neutrons exposed in this area was (7.2±0.3 )×10
4 . The detection efficiency from this result was (0.16±0.02)% for the cold neutrons.
In order to measure the detection efficiency of the UCN, the detector was exposed to neutrons with a wavelength of 25-100 nm from a Doppler shifter of the BL05 [12] , which produces UCNs converted from very cold neutrons (VCNs). The experimental setup is shown in the left schematic of Fig. 4 . At the downstream of the UCN port, a square aperture of 1×1 cm 2 made on a cadmium plate was positioned. The emulsion detector was placed downstream to the aperture using polyimide tape. A UCN detector (DUNia10 [12] ) was set at 3.3 cm downstream of the emulsion detector. The intensity and the wavelength of the UCN beam was measured using the UCN detector without the emulsion detector in place. The wavelength distribution of the neutrons is shown in the right plot of Fig. 4 . The beam monitor used for the cold neutron experiment was set to monitor the flux of the VCNs. This instrument was used to normalize the acquired UCN intensities using the same approach as for the measurement with cold neutrons. The number of UCNs exposed to the emulsion detector was estimated as (1.25±0.09)×10 5 for 20.4 hours of exposure. Attenuation of the UCN flux in the silicon, aluminum, and air were taken into account. The attenuation value of silicon was obtained from the transmission measurement of cold neutrons, and that of aluminum and air were taken from Ref. [13] . After development of the emulsion, the analysis was performed in the same manner as for the measurement with cold neutrons. For the calculation of the detection efficiency, the total number of events in the 42 regions of 100-µm square each in the 1-cm square at the down stream of the aperture was used. The expected detection efficiency was calculated to be (11±3)% using the amount of 10 B in the 10 B 4 C layer as measured by the using the aforementioned transmission of cold neutrons, the absorption cross section considering the 1/v law, the wavelength distribution and the acceptance angle mentioned above. A total of 63 absorption events were detected in the 42 regions. The total number of neutrons to which this area was exposed was 530±40. The detection efficiency from this result is (12±2)% for the UCNs used in this experiment, which is consistent with the expected value of (11±3)%.
As a conclusion of the measurement of detection efficiencies, those for thermal neutrons of 2200 m/s and UCNs of 7 m/s were calculated to be (0.067±0.014)% and (16±4)%, respectively, from extrapolation of the results of both cold and ultracold neutrons.
IV. SPATIAL RESOLUTION
The spatial resolution of the absorption points was estimated by fitting the positions of each grain, which was determined from the three-dimensional center of gravity of darkness, in the microscopic image. An example of an α-track from an absorption event is shown in Fig. 5 . Since the surface of the converter layer reflects light, mirror images of grains are also detected when a focal plane is deeper than the surface. The positions of grains for both real and mirror images were fitted with a pair of lines which met at a point r 0 (x 0 , y 0 , z 0 ), which is the starting point of the track at the surface of the substrate. Position errors at r 0 were determined from the fitting procedure. They depend on the slope of the tracks. We introduced angles θ and φ as shown in Fig. 6 . The x-y plane shows the surface of the converter layer. To analize separately the angle-independent contribution and the angle-dependent one, position errors at r 0 are described by longitudinal (δr L ) and transverse (δr T ) values. δr L is parallel to the projection of the track to x-y plane. The transverse parameter δr T is perpendicular to it and on the plane. δr L and δr T from position data of 7 α-tracks is shown in Fig. 6 . Well fit curves in the figure are dependences of δr L and δr T to tanθ, which are described in equations (3) and (4) . In the equations, a is a standard deviation of the residual errors between grain positions and a fitting line in the x and y directions. The variable b in (3) is that of the z direction.
δr L can be reduced by selecting tracks with smaller tanθ. When tanθ is restricted, the number of tracks in the acceptance decreases as (5).
The factor 0.36 in (5) originates from the shrinkage rate of the emulsion layer during the development. The spatial resolution of the absorption points in the 10 B 4 C layer was estimated by considering the extrapolation of tracks from the surface of the converter layer to the middle of the 10 B 4 C layer. That of the transverse direction was 11 nm, independent of tanθ. That of longitudinal direction was 11 nm-1.0 µm for all slopes of tracks. A higher resolution can be realized with a strict acceptance on tanθ. For example, when tanθ ≤ 1.9 was set, which excluded all but 34% of the tracks, a resolution of 11-99 nm was obtained. 
V. CONCLUSIONS
We developed a high spatial resolution neutron detector which was fabricated by coating a converter layer with a fine-grained nuclear emulsion. The converter layer consisted of 10 B 4 C, NiC, and C layers with nominal thickness values of 50 nm, 60 nm, and 30 nm, respectively. The detection efficiencies of cold neutrons and UCNs were measured at J-PARC. The results were (0.16±0.02)% and (12±2)% for the cold (∼1000 m/s) and the UCNs (∼10 m/s), respectively. These values are consistent with the expected values of (0.11±0.03)% and (11±3)%, respectively. We estimated the spatial resolutions of the absorption points in the 10 B 4 C layer using the position data of grains of tracks which resulted from absorptions. The resolution for the transverse direction was 11 nm and the value obtained for the longitudinal direction depended on the track angle against the surface. Thus, there was a trade-off between resolution and efficiency. When an acceptance angle of tanθ ≤ 1.9 was set, the resolution was 11-99 nm with 34% of the statistics. This study is the first to successfully apply nuclear emulsion to the detection of UCNs. The thickness of the converter layer will be optimized and an automatic reading out algorithm for scanning larger areas will be developed. This type of extremely-high spatial resolution detector can facilitate the pursuit of various experiments involving neutron quantum effects such as the search for short distance forces and the electric charge of neutrons.
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